Under spending for the maintenance of public facilities and infrastructure is a well-known issue. At least part of the problem can be attributed to our poor understanding of precisely what funding is required. Methodological limitations diminish the credibility of budget estimates that, for many agencies, are based on ad hoc approximations or historical trends. Estimates based on physical inspections are more defensible, but are expensive and more useful for defining remedial projects than estimating future budget requirements.
assured that it is funding maintenance and repairs that will provide the best return on its investment. (p. 2) In response to this diminished credibility, DoD developed a two-part agenda to improve maintenance and recapitalization planning. The first part was defining a standardized classification of maintenance and recapitalization costs. According to this definition, facility requirements are classified as either sustainment costs-including maintenance and cyclical repair and replacement-or restoration and modernization (R&M) costs. This classification is now fully implemented in DoD planning and funding programming and is being adopted by a number of other federal departments.
The second part of the DoD agenda is to define methodologies for estimating sustainment and R&M funding requirements. A model for estimating sustainment funding based on scheduled maintenance tasks was developed in 2000 and is now routinely used by DoD and other agencies. 2 The requirement derived from this tool has become a commonly cited performance metric within DoD, and sustainment funding has risen from less than 80% to more than 95% of estimated costs since this approach was adopted.
The methodology used for estimating restoration and modernization is less resolved. Currently, R&M funding is based on a simple recapitalizaion rate calculated using assets' replacement cost and service life. For example, office buildings with a 50-year service life would have a recapitalization rate of 100/50 or 2% of replacement cost per year. Multiplying this rate by the replacement value of all office buildings, when repeated for all asset types, provides an overall DoD cost for recapitalization. Like the annual sustainment estimate, the recapitalization rate has also become a well-known metric that has focused attention on underfunding: recapitalization spending has risen from $2 to $4 billion since 2001.
But despite its acceptance, there is a concern that the recapitalization rate is an oversimplification and should be replaced or at least carefully validated. Its estimates are dependent on service life assumptions, for example, that are inconsistent with those used by other agencies and international organizations. Recalculating the example above assuming a more typical service life of 35 years would imply a recapitalization rate of 2.86% per year, and increase funding requirements by over 40%.
A more fundamental criticism is that there is no little or no data supporting the notion that facilities require recapitalization-due to obsolescence, for example-in the same fixed amount per year until the end of their service life. The recapitalization rate is the equivalent of straight-line asset depreciation for tax purposes, a practice that has little relationship to actual asset value. In fact, much of the facility management literature assumes that recapitalization requirements accelerate towards the end of service life.
These questions and the magnitude of the funding in question led DoD to consider alternative approaches for estimating the R&M requirement, an effort described in the remainder of this paper.
The Definition of Restoration and Modernization
For the purposes of this study, we define R&M as: According to this definition, there are six determinates of R&M requirements (the first three represent restoration the last three are related to modernization):
• Acts of war and nature. Unanticipated and often catastrophic damage requiring extensive capital expenditures. Grim examples include the damage to southern
Florida from Hurricane Andrew in 1992 or destruction from recent terrorist attacks.
• Neglect. The requirements rising from "war and nature" repairs and sustainment tasks not done in a timely fashion. By definition this factor goes to zero if both sustainment and R&M have been accurately anticipated and fully funded.
• Long-lived components. Sustainment requirements are based on the repairs necessary over a normal facility service life. Facility components with service lives that exceed the "whole facility" service life-i.e. many exterior surface and closure elements, select electric and HVAC equipment-eventually will require repair or replacement.
• Obsolescence. Retrofitting or replacing facility components that are no longer the best technical or economic choice for their function.
• Change in use. Modifying facilities to suit a use other than that intended at design; i.e. adding force protection measures, increasing privacy in barracks, or adjusting older facilities to accommodate new weapon systems.
• Change in legislation & codes. Seismic retrofits and handicap accessibility improvements are examples of legislation-based R&M requirements.
A complete listing of the cost elements of both sustainment and restoration and modernization is provided in Table 1 .
Alternative Approaches to Estimating R&M Requirements
In addition to the recapitalization rate currently used by DoD, there is a collection of approaches that could be used to estimate all or part of R&M costs. Ottoman, Nixon, and Lofgren (1999) identified 18 facility maintenance budgeting models.
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Many of these models do not address all of the elements of R&M: obsolescence, change in use, change in building codes, acts of war and nature, and neglect. In most cases, their focus is largely on sustainment costs (preventive maintenance and minor repair, unscheduled maintenance, major repair and replacement) rather than R&M.
A subset of models address facility "renewal" costs. Most of these are based on the assumption of fully replacing building subsystems at the end of the subsystem lifetime; knowing system costs and replacement schedules leads to calculating a crude profile of replacement or renewal costs over time. Philips (1989) describes such a schedule as the amount necessary "to offset aging" (p. 31); Hutson and Biedenweg (1989) use the same approach to estimate "future renewal and replacement costs" (p.15); Rush (1991) holds that such an estimate provides only for "component renewal" and does not address renovations, code changes, or damage from other than normal usage (p. 46); while Kaiser (1995) uses the same approach to budget for "deterioration, usage, and obsolescence" (p. 24). With the exception of Kaiser's broader interpretation, it seems that many renewal models apply to the major repair and replacement element of sustainment costs rather than restoration and modernization costs.
The only approach in the facility engineering literature consistent with the definition of R&M requirements is condition assessment, which involves actually inspecting facilities, identifying deficiencies, and estimating remediation costs. The U.S.
Army ISR program is one of the most sophisticated of such systems (Uzarski and Burley, 1997) , though there are many others, both among federal agencies and other organizations.
Unfortunately, the costs involved-often ranging from $0.10 to $0.15 per square foot for structures-make regular inspections prohibitively expensive, particularly for extensive facility inventories. Moreover, because of different inspection approaches and summary techniques, condition assessment results are difficult to compare across organizations. Finally, condition assessments provide point-in-time estimates that are valuable at the moment, but lose relevancy with the passage of time. Assessments have limited value for the facility planner responsible for long-run funding projections, and offer no utility in anticipating new facilities' costs.
The Link Between R&M and the Economic Depreciation of Structures
Our definition of restoration and modernization includes a collection of apparently unrelated costs documented only in the facility management literature. Considered individually, these costs-natural disasters and wars, neglect, long-lived component replacement, obsolescence, change in use, and building code revisions-are difficult to measure, much less forecast. However, from the perspectives of tax policy and economic capital theory, these costs are collectively captured in the concept of depreciation.
Federal Taxation
In their history of federal tax policies, Barzell, Dworin and Walsh (1989) 
Public Utilities
Much of the theory of depreciation has evolved from the case history regarding regulated industries and allowable depreciation expenses. According to the U.S.
Supreme Court:
Depreciation is the loss, not restored by current maintenance, which is due to all the factors causing the ultimate retirement of the property. These factors embrace wear and tear, decay, inadequacy and obsolescence. Annual depreciation is the loss that takes place in a year. (Lindheimer v. Illinois Bell Telephone Company, 1934) As with federal tax policy, quantifying depreciation by public utilities is based on recovering investment in an asset over its prescribed service life, rather than the actual change in asset value over time. There is no necessary correspondence between actual depreciation and allocated depreciation expense over the asset life.
According to the National Association of Regulatory Utility Commissioners (1996) depreciation expense is most often determined on the basis of straight-line depreciation from an estimated service life, though alternative patterns of depreciation are also used.
National Accounting
The Bureau of Economic Analysis (BEA) provides estimates of net capital stocks that require estimates of asset depreciation. According to Katz and Herman (1997) the BEA definition of depreciation is:
the decline in value due to wear and tear, obsolescence, accidental damage, and aging.
The history of BEA depreciation estimates takes a course opposite that of public utilities and the Treasury, a methodological shift away from depreciation as an allocated cost and towards a view of depreciation as measurable loss of value. In 1976, the BEA stopped using tax-based depreciation methods and adopted an approach (straight-line depreciation by age cohort, retirements based on Winfrey curves, Bulletin F service lives) thought to reflect assets' actual economic depreciation. In 1997, BEA switched from straight-line depreciation to a geometric pattern for most assets, again intending to better measure actual economic depreciation.
In summary, our review of selected depreciation practices found common elements in what we term restoration and modernization, and what other organizations term depreciation. We also found that, despite a common definition, methods for estimating depreciation differ; for tax purposes and utility rate determination, depreciation is calculated at a prescribed rate over a specified period, and may only coincidently have any relationship with loss of value.
Economists, on the other hand, estimate depreciation as the actual loss of asset value. We suggest that the actual loss of asset value is equivalent to required R&M funding, and the economic models developed to estimate depreciation could also be used to estimate R&M (see Appendix).
Estimating Economic Depreciation
The key assumption in studies of economic depreciation is that changes in value (used-asset sale price, rental rate) fully capture the effects of physical deterioration and obsolescence as an asset ages.
Economic depreciation is often represented as an age-price profile. While there are a large number of possible depreciation profiles or patterns, three are often cited with respect to structures; each represents a different view of the decay of productive capacity over time (see Figure 1) . A straight-line pattern assumes the depreciation occurs in equal increments over time, with the entire asset's value exhausted at the end of service life. A geometric pattern assumes that depreciation occurs at a constant rate in a shape concave to the origin, while a one hoss shay or "light bulb" pattern assumes that most depreciation occurs towards the end of service life. 5 Hulten writes:
Of these patterns, the one hoss shay pattern commands the most intuitive appeal. Casual experience with commonly used assets suggests that most assets have pretty much the same level of efficiency regardless of their age-a one-year-old chair does the same job as a 20-year-old chair, and so on. (1990, p. 124) Though not the most intuitive model, an extensive review of depreciation patterns concluded that the geometric pattern best represents structures' depreciation (Fraumeni, 1997) . It was argued that the geometric pattern was found to fit empirical data at least as well as other distributions, and estimates of geometric rates of depreciation are readily available. This review describes revising the U.S BEA methodology to use geometric depreciation rates rather than the straight-line approach used prior to 1997. 6 Also included in this review is a list of depreciation rates, service lives, and estimated declining balance rates for individual asset classes.
The geometric rates of depreciation adopted by BEA were taken largely from estimates derived by Hulten and Wykoff (1980) . In the case of structures, these estimates were based on a 1972 Treasury Department survey of building owners. Respondents were asked their building's acquisition price, acquisition year, and construction year-the data necessary to construct age-price profiles for 16 classes of structures. The authors concluded that a geometric function provided an adequate representation of a more complex statistical model, and reported the estimated rates of depreciation shown in As an example, when the age-price profile for office buildings is calculated for both the geometric and straight-line patterns, comparison reveals the different outcomes with alternative depreciation practices (see Figure 2) . For instance, a straight-line pattern has been used historically for tax depreciation schedules and public utility rate studies, and the approach's inconsistency with actual observed depreciation has long been an issue.
Decreasing values for the geometric profile were calculated as 1-(1-δ) t , where t is building age and δ is the geometric rate (2.47) estimated by H&W. Decreasing values for the straight-line profile were calculated as 1-(t/T), where T is the service life (36 years) specified by BEA.
The profiles' relative shape clearly indicates that geometric depreciation is less than the straight-line function. This is true for all structures-but not necessarily for other types of fixed assets. For example, for industrial machinery the arc of the geometric pattern is closer to the origin than the straight-line pattern, indicating that in the earlier years geometric depreciation is accelerated.
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Do the two distributions lead to meaningful differences in estimated depreciation?
For the geometric pattern accumulated depreciation is obviously less-roughly 60% or an average 1.6% per year over service life-when compared with 100% depreciation at an average of 2.7% for the straight-line distribution.
Figure 2 also demonstrates a very meaningful difference from a widely held assumption in the facility management literature. In this literature, the capital assets require recapitalization according to a one-hoss shay type of distribution shown in Figure   1 .
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Issues in Measuring Economic Depreciation
Gravelle (1999) and others have identified a number of potential problems with price-based depreciation measurements. 11 The basic issue is isolating the effect of depreciation-the loss of value related to physical depreciation and obsolescence over service life-from other effects.
Censored sample bias.
A sample of aged structures is likely to provide understated depreciation estimates unless the sample is adjusted to account for structures already retired.
The "lemons" problem. Goods sold as used have a larger percentage of "lemons" than the overall population of goods of the same vintage. 12 As Gravelle puts it for cars, "owners tend to keep their cream puffs and trade in their lemons" (p. 4). Thus using sales data for structures has a potential to overstate depreciation.
Vintage effects. Particular vintages of structures may last longer than others.
There is a general assumption-though little empirical proof-that older structures are built with better materials and superior workmanship, and thus have longer service lives.
Other vintages may have a specific appeal that lead to an unusual increase in value-one example is Victorian homes in U.S. markets in the 1970s and 1980s.
Underestimating service life will lead to overestimating depreciation, while a fashiondriven price increase would lead to underestimating depreciation (once tastes change).
Effects of reinvestment. Substantially renovating structures enhances their
value and, if unrecognized, leads to underestimating depreciation that would exist in the absence of reinvestment.
Effects of unforeseen obsolescence. For some assets an unforeseen technical advance or sudden change in relative price of inputs (e.g. the 1974 oil shock) lead to an asset retirement before the end of the service life considered in the purchase decision. This is different from the foreseen obsolescence reflected in long-term sales data.
Unforeseen obsolescence is probably less frequent for structures than for assets such as electronic equipment or heavy equipment. However, changes in building codes (earthquake, fire protection, handicap access, asbestos abatement, etc.), changes in technology (raised flooring, LAN wiring, open office cubicles) or changes in use (DoD shift from dormitory to apartment-style barracks) could lead to premature structure retirement. In this case depreciation would be underestimated.
Effects of catastrophe.
An unusual event such as natural disaster or act of war leads to an asset's sudden destruction. Including data from such damaged or retired structures would overestimate depreciation.
Each of these concerns has implications for adopting the geometric approach (or other value-based models) to estimate R&M requirements. The first four issues were addressed in either the original H&W work or in subsequent discussions: the censored sample bias was explicitly accounted for in their original model; the lemons problem was determined to be unimportant by finding that the geometric pattern fit both types of assets-those likely to have a lemons bias and those that did not; and observed stability in geometric rates over time argued against tax effects or the ability of other economic factors to influence depreciation.
On the other hand, the effects of reinvestment have received little attention in the many discussions of the H&W results. The H&W study was based on a sample of thousands of buildings of various ages, and it is almost a certainty that some had been "recapitalized."
As noted above, this would lead to higher resale values and biased (lower) depreciation estimates. Conversely, buildings not properly maintained would have the opposite effect. The actual balance in the two types of buildings-recapitalized versus neglected-is unknown.
The effects of unforeseen obsolescence would be reflected in depreciation estimates only: as with reinvestment, such obsolescence occurred in the underlying sample. We assume this is unknown, though it might be determined from re-examining the H&W sample. For the purposes of R&M estimates, it seems reasonable to assume that these costs are not included in the estimates, and-together with the effects of catastrophe-should be removed from our definition of R&M.
Using Economic Depreciation Rates to Estimate R&M Funding Requirements
Estimating R&M requirements for an extensive facility or portfolio of facilities using economic depreciation rates is relatively straightforward:
• Categorize the inventory value by asset type and age.
• Assign an age-price distribution (calculated from the appropriate depreciation rate) to each asset type.
• Multiply the facility replacement value by the respective depreciation rate for each asset type and age cohort.
An example of R&M estimates using depreciation rates is shown in Table 3 . For each of four asset types a geometric rate calculated by BEA was used to estimate the average annual R&M cost over a given service life. The last column is a judgment as to how well the original Hulten and Wykoff rates relate to the BEA classification.
Note that annual R&M estimates can be estimated two ways, depending on the facility data available. If only the facility replacement value is known, then annual R&M costs can be estimated using the Mean Annual R&M, expressed as a percentage of plant replacement value (PRV). If facility ages are also known, than age-specific R&M costs can be estimated using the Rate of Depreciation. For example, annual R&M costs for hospitals age 20 years would be calculated as the difference in the facility's value facility at year 19 (1-.0188) 19 , and year 20 (1-.0188) 20 , or 1.32% (.6973 minus .6841) of PRV.
Interpreting the Estimates
It is important to understand the depreciation-based estimates in the context of the earlier definition of R&M. These estimates approximate the facility value lost-or inversely the amount necessary to restore original productive value-due to natural disasters and wars, long-lived component replacement, obsolescence, change in use, and building code revisions. This depreciation occurs even when facilities are fully sustained, that is, all preventive maintenance, minor repairs and major repairs and replacement tasks are done. In the event that facilities are not fully sustained, the R&M estimates are understated to the extent that depreciation is accelerated by a "neglect"
factor. 
Sources of Economic Depreciation Rates
Using the depreciation approach for a large and heterogeneous inventory of capital assets requires specific depreciation rates for each type of asset. These rates are potentially available from three sources.
First, economic depreciation can be directly observed from actual transaction data. Facility sales or rental agreements can provide direct evidence of particular assets' age-price profiles. Insurance settlements are another source of age-price data.
Second, the age-price distribution can be statistically derived from survey data, as with the Hulten and Wyckoff studies. We noted earlier that these rates have also been used by analogy, e.g., adjusting for service life, for assets for which no price data is available.
And third, the age-price distribution can be imputed from knowing the asset's age-efficiency profile. Here efficiency means the value (price times quantity) of service provided by the asset, which in market terms can be expressed as the rental rate. The asset's price in a competitive market at each age is the cumulative discounted value of the rental revenue over the asset's service life.
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Summary
At least part of problem of underfunding for facilities and infrastructure is due to the lack of credible and practical estimation tools. R&M funding requirements often rely on ad hoc rules of thumb or on historical funding trends that only perpetuate underfunding. Regular physical inspections are costly, quickly outdated, and more useful for project development than long-range budgeting.
In our search for a more useful methodology, we first defined the sources of R&M costs, and recognized that there is a close correspondence with the concept of depreciation from (economic) capital theory. Economic depreciation has been a subject of study since the early 1800s, and as such offers a vocabulary, body of theory, and set of empirical models that can be applied to R&M issues.
More specifically, we argue that seminal studies by Hulten and Wykoff (1980) and Fraumeni (1997) provide estimates of economic depreciation that can also be used to estimate R&M costs. Based on minimal data requirements-asset description, age, and service life-this method can be used for estimating annual R&M funding requirements, and also to approximate the cumulative "backlog" of R&M requirements.
This approach would be useful for any large organization requiring a credible estimate of current and future R&M costs, while avoiding the costs of frequent physical inspections. 
Tables
Appendix: Calculating Geometric Depreciation
With geometric depreciation, the market value in constant prices is assumed to decline at a constant rate in each period. The depreciation factor can be written as R/T where T is the service life and R is known as the "declining balance rate." Depreciation for period t is obtained by multiplying the asset's written down value in the period t-1 by the depreciation factor, R/T. There are several ways of calculating the declining balance rate (R).
One method commonly used by commercial accountants is known as the "double declining balance" method. With this method, R is set at 2. The effect of this is that, in the first period, depreciation will be twice as large as depreciation calculated by the straightline method. (It is for this reason that the method is referred to as "double-declining.")
Another approach is to set R at a value that ensures that the asset's initial value will have been reduced to a predetermined percentage (g) of that value by the time it reaches the end of its expected service life. In other words, a value of R is required such that:
V (1 -R/T) T = gV
Dividing by V and solving for R gives:
R = T( 1-g 1/T )
With g set at 0.1 (i.e. 10% of the initial value remains at time T) a service life of 15 years gives R = 2.135, which implies slightly more rapid depreciation than the double-declining method; R increases as service lives get longer, and for a 50-year service life, R rises to 2.250.
A third approach is to use evidence drawn from empirical studies of secondhand asset prices to determine the declining balance rate appropriate to each asset. This has been done in the United States where the Bureau of Economic Analysis (BEA) uses R values that range from 0.8892 for most office and commercial buildings to 2.2664 for federal government vehicles. These R values are then divided by specific asset service lives to define the depreciation factor. In this way the R value of a similar asset can be used to approximate the depreciation factor for another asset, when the service life is known. 
